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ABSTRACT
The flotation rates of quartz, sphalerite, galena, and 
the samples of copper ores which were examined, follow a first 
order rate equation of the type
- d(C-Cco) _ K(C-Coo) 
dt
where Coo is the concentration of the mineral in the flotation 
cell, even after a long flotation time.
The flotation rate equation is used to predict flotation 
recovery, grade of concentrate, and separation efficiency as 
functions of flotation time. The predicted values of these 
quantities are in agreement with the experimental values.
Laboratory procedures based on flotation kinetics provide 
more information than is usually obtained from the conventional
laboratory flotation tests
LIST OF TABLES
1. Vari at ion of Flotation Rate Constant with
Size Fraction ....... p. 19
2. Flotation Results of Copper Ore B ....
LIST OF ILLUSTRATIONS
p. 27
Fi gure 1. Constant Pulp Level Device ....... P. 9
Fi gure 2. Constant Pulp Level Device .......... p. 10
Fi gure 3. Concentration Collection Device ......... p. 11
Figure k. Graphical Test of First Order Rate
Equation ... p. 17
Fi gure 5. Variation of Flotation Rate with
Pulp Density ... p. 20
Fi gure 6A. Variation of Flotation Rate of
Quartz with Particle Size ... p. 21
Fi gure 6b . Variation of Flotation Rate of
Quartz with Particle Size ... p. 22
Fi gure 7A. Variation of Flotation Rate of 
Sphalerite with Particle Size ........... p. 23
Fi gure 7B. Variation of Flotation Rate of 
Sphalerite with Particle Size ........... p. 2k
Fi gure 8A. Variation of Flotation Rate with
Previous Flotation History ........ p. 25
Fi gu re 8B. Graphical Plot of First Order Rate 
Equation Showing Effect of CuSO^ 
Activation of Sphalerite and Galena .... p. 26
Figure 9A. Graphical Plot of First Order Rate
Equation ...... p. 29
Fi gure 9B. Predicted Recovery, Grade and Separation
Efficiency versus Flotation Time .. p. 30
iv
Fi gure 9C. Separation Efficiency versus
Flotation Time ...... p. 31
Figure 10A. Graphical Plot of First Order Rate
Equation ..... p. 32
Fi gure 10B. Predicted Recovery, Grade and Separation 
Efficiency versus Flotation Time.. p. 33
Fi gure 1 1A. Graphical Plot of First Order Rate
Equation ..... p. 3^
Figure 1 IB. Predicted Recovery, Grade, and Separation 
Efficiency versus Flotation Time.. p. 35
Figure 12A. Graphical Plot of First Order Rate
Equation ..... p. 36
Figure 12B. Predicted Recovery, Grade and Separation 
Efficiency versus Flotation Time.. P. 37
Figure 13. Separation Efficiency versus Flotation




.................................  P* i
Abstract ...................................................    p. ii
List of Tables ....................  _ ...
List of Illustrations ........................... . p. ;;;
Introduction ...........................................  p< j
Flotation Kinetics .................................... 3
Theory' ....................................... p. 3
Calculation of Recovery as a Function of Time... p. 5
Calculation of the Grade of Concentrate........  p. 5
Separation Efficiency .......................  p. 6
Materials and Experimental Details .................... p. 8
Equipment ...................................  p. 8
Constant Pulp Level Device .................. p. 8
Concentrate Collection Device ..............  p. 8
Minerals ..................................... p. 12
Silica A .................................  p. 12
Silica B .................................  P. 12
Galena and Sphalerite ...................... p. 13
Copper Ores ..............................  P* 13
Reagents ..................................... P* ^
Analytical Procedures .........................  P* 1^
Results ................................................. P* ^
Section 1   P* ̂
Section 2   P* 18








Calculation of Ln fPP ...................
C- Coo
Calculation of Recoveries ..................
Calculation of the Grade of Concentrate ......
Calculation of the Separation Efficiency ......
Calculation of Time for Es Max..................
INTRODUCTION
Froth flotation is one of the most important mineral
dressing operations in the mining industry today. The ore
tonnages which are treated by froth flotation have increased
greatly in the last sixty years. Along with this increase in
tonnage, there has been a corresponding increase in the amount of
fundamental and applied research dealing with froth flotation.
The common research practice at various operating mines is mainly
concerned with the investigation of new reagents, grinding changes
affecting the ore, and the improvements of the flowsheets. The
laboratory tests are evaluated on the basis of the recovery of
the valuable mineral and the grade of the resulting concentrates.
Sometimes, expressions like selectivity index^, relative 
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efficiency , etc., which are functions of grade and recovery are 
also used for the evaluation of flotation results.
The flotation process has been shown to follow a rate 
equation of the type^"^
where
dC _ -KCN (1)
dt
C = concentration of the floatable mineral in the pulp, 
C = M where M is the mass of floatable mineral in 
the pulp and V is the volume of the pulp and is kept 
constant throughout the experiment
K = flotation rate constant
2
t - time in which the mineral is allowed to float
N =  rate order. N = 1 first order kinetics, N = 2 second 
order kinetics, etc.
There has been considerable investigation and discussion 
about the value of N. Jowett8 has described the reasons for 
flotation to follow a first order kinetics, and he concludes that 
there is little justification for assuming any other value for 
N except unity.
. 3  if
Morris and Bushel 1 have indicated that the concentration 
of nonfloatable mineral after prolonged flotation, Coo, must be 
taken into account.
The objectives of this study are:
(1) To ascertain the kinetic equation which describes 
the flotation rate of the systems which are 
studied.
(2) To predict recoveries and grade as functions of 
time using kinetic equations.
(3) To determine flotation time required to give 
maximum separation efficiency.
The mineralogica1 systems used in this study are samples 
of copper ores from two Nevada copper mines, pure galena and 
sphalerite samples, and two samples of quartz.
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FLOTATION KI NET ITS
A. Theory
Flotation kinetics is concerned with the interaction 
between mineral particles and air bubbles. It is known that not 
all particle-bubble collisions result in the attachment of the 
particle to the air bubble. However, if the fraction of these 
collisions which result in attachment is constant, then the rate 
at which the mineral reaches the froth is proportional to the 
product of the mineral concentration in the pulp and the air 
bubble concentration^.
V/ith all other variables constant, the rate at which a 
mineral floats is proportional to the amount of mineral present 
in the flotation cell, i.e.
where
—d C(t) _ KC(t)N
dt
(2)
C(t) = the concentration of mineral in the cell at time t 
during a flotation operation 
K = the rate constant
N = 1 , 2 ,  etc. is the order of kinetics.
Integration of equation (2) with N = 1 and the appropriate 
limit of C =  Co at t = o, gives the following equation:
Ln C(t) = -Kt + Ln Co (3 )
4
where Co is the original concentration of mineral in the pulp.
It is assumed in the derivation of equation (3) that all 
of the mineral present in the cell is floatable. However, due to 
circumstances such as insufficient collector concentration and/or 
adsorption, incomplete liberation of mineral particles, etc., it 
is known that a portion of the mineral in the pulp is non-floatable. 
Consequently this portion of material must be taken into account and
where Coo is the concentration of mineral remaining in the pulp 
after prolonged flotation.
flotation gives a value of Cco which justifies the physical meaning 
of being the amount of unfloatable mineral in the pulp.
constant of a mineral for a given set of flotation conditions 
by finding the values of C(t) as functions of t; Coo by floating 
for a prolonged period and setting the mineral concentration in the
the equation (2) is modified to
Ln[c(t)-Coo] r -Kt + Ln jCo-Coo] (4)
The graphical representation of equation (4) made by
plotting Ln vs  ̂w ji] result in a straight line with a
oo
slope of K if flotation follows the first order rate law.
Ll
Morris evaluated the quantity Co? by trial and error.
3
However, in a recent paper Bushel 1 has shown that prolonged
Equation (4) permits us to find the flotation rate
5
tailings equal to Coo.
B* Cajcuiation Of Recovery As A Function Of T.m»
Once the flotation rate constants are known, the recovery 
of the flotation test can be calculated for any flotation time. 
This is done by expressing recovery of the valuable mineral as
R(t) = co; : (t> (5)
where Co is again the initial concentration of mineral in the pulp 
and C(t) is the concentration of mineral at any time, t. The 
maximum recovery, Roo, which is the recovery after prolonged 
flotation, can be expressed as
Co-CooRoo =
Co (6)
where Coo is the concentration of mineral in the tailings. 
Combining equations (5) and (6) with equation (4), the recovery 
as a function of time can be expressed as
R(t) = Roo (l-e"Ka‘t) (7)
where Ka is the flotation rate constant of the valuable mineral. 
Likewise an expression for the recovery of the gangue can be 
derived where Rg(t) is the recovery at any time t. Rgoo is the 
maximum recovery after prolonged flotation, and Kg is the flotation 
rate constant of the gangue
Rg(t) = Rgoo (l-e_l̂ 9*t) (8).
C. Calculation Of The Grade Of Concentrate As A Function Of Time 
The grade of the concentrate can be computed since we 
know the initial concentration of the valuable mineral, Co, and
6
the initial concentration of gangue, Cgo. Mathematically the grade
at any time t can be expressed as
XConcentrate = --------f e W  ~ C°H----------------  * ,0 K  (9).
(R(t) * Co) + Jkg(t) • Cgo]
D. Separation Efficiency
The criteria for selection of the optimum operating 
conditions in laboratory testing is usually based on a single­
number result such as maximum recovery of the valuable materia 1 
or maximum grade of percent valuable mineral in the tailings.
These methods do not consider the rejection of the gangue 
material except that it does affect the concentrate grade.
Since flotation is a separation process, the means to measure 
its effectiveness must include not only recovery of valuable 
mineral but also the rejection of the non-valuable minerals.
An expression which will provide for a direct quantitative 
comparison of flotation tests which have different flotation
conditions is needed. The separation efficiency, Es, has been
21discussed in detail and is shown to be the only expression which 
adequately describes the efficiency of a separation process. The 
separation efficiency is expressed by
Es - R-Rg (10)
where Es is the separation efficiency, R is the percent recovery of 
the valuable material in the concentrate, and Rg is the percent
Combining equations (6), (7) and (10)
Es(t) = RooO-e-fe-t) . Rgood-e-Kg-tj (||)
we now have an expression which enables us to calculate the 
separation efficiency of a flotation test for which we know the 
flotation rate constants and maximum recoveries.
The flotation time for maximum separation efficiency is 
found by differentiating Es(t) with respect to t
H Jg L U  -- [KaRo> e - f e - t j .  [KgRgoo e-Kg'tJ ( ] y
Setting equation 12 equal to zero and solving for t gives
t(Es Hax) m g  , m  g g -  (13)
Kg - Ka
Differentiation of equation (12) gives
d2 (Es) < 0  
dt
which shows that equation (13) does give the flotation time for 
EsMax.
recovery of the gangue.*
•'Throughout this paper I refer to this mineral as gangue for 
descriptive purposes only. This mineral could be an ore mineral. 
For example, in a chalcopyrite-molybdenite separation the 
chalcopyrite may be depressed and the molybdenite floated. Here, 
the recovery of molybdenite would be denoted by R and the recovery 
of chalcopyrite by Rg.
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m a t e r i a l s and experimental details
The laboratory flotation apparatus has been modified 
to make it possible for one person to collect accurately timed 
concentrate samples. The modifications include a constant pulp 
level device and concentrate collection device.
EQ.U IPMENT:
Constant Pulp Level Device
To insure reproducible and easily obtainable results 
a Denver 500 gram flotation cell was modified to accept make-up
water from a constant pulp level device whose construction was
22previously described by Harris and Raja . The make-up water 
container was 1/8 inch plexiglass tubing, 3 inches 0. D. by 10.5 
inches long. The bottom tube is 2 inches O.D. with a k5 degree 
bevel. The container is held with a rack-and-pinion arrangement 
which permits the pulp level to be varied by the operator. This 
device has been tested and it is capable of keeping the pulp level 
at the predetermined level to within £ 2mm. The constant pulp level 
device is shown in Figures 1 and 2.
Concentrate Collection Device
Usually it takes two people to accurately time and collect
3 23the concentrate samples * . To make it possible for one person
to time and collect the concentrates a device was constructed 
which is shown in Figure 3. The concentrate containers are made
9
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from 1/8 inch plexiglass with inside dimensions of 3"x3"x3". There 
are nine individual containers held in a moveable trolly. The 
trolly is rolled along a metal track. The person, who is conducting 
the test, times the concentrate collection period and then moves 
another container into position.
These devices make it possible for one operator to collect 
flotation concentrates at specific time intervals. The devices 
were tested and found satisfactory.
MINERALS:
Silica A
A sample of quartz sand was ground in a steel laboratory 
mill. The -100+200 mesh sample was thoroughly leached in aqua 
regia to dissolve the soluble iron. The sample was then washed 
repeatedly with water to remove the aqua regia and dissolved iron.
The sample was then dried and placed in a glass bottle. This silica 
sample, was used for the preliminary tests to check the applicability 
of the first order rate equations, and to show how the flotation 
rate varies with percent solids and previous flotation history.
Silica B
The other silica sample was screened to remove all of 
the -35 mesh fraction. The +35 mesh portion was alternately 
pulverized and screened until the sample was 100% -35 mesh.
The sample was stored in a tightly capped metal container. This 
quartz sample was used for the test showing variation of flotation
13
rate with particle size.
Galena and Sphalerite:
The galena, Pbs, and the sphalerite, ZnS, samples were 
separately crushed in a mortar and pestal until they were 100%
-35 mesh, and then stored in separate glass jars. Immediately 
prior to a flotation test, the minerals were ground in a 5 inch 
diameter by 5 inch long alumina grinding mill with a ball load 
of ten 3/k inch steel balls and ten 3/b inch ceramic grinding 
balls. The samples were ground wet at 50% solids. It is known 
that duplication of the size fractions of each sample is complicated 
by wet grinding, but by closely controlling the sample weight, 
volume of water, ball charge, and grinding time it is assumed 
that the resulting size fractions will be comparable.
Copper Ores:
The "copper ores" are samples which have been obtained 
from two large copper mines in Nevada. Copper ore A is from the 
Kennecott Copper Corporation's Ely operation, and copper ore B is 
from the Anaconda Company's Yerington operation. The samples 
were first screened at 20 mesh, and the +20 mesh fraction was 
repeatably pulvarized and screened until the sample was 100% 
passing 20 mesh.
The ore sample was ground in a steel ball mill which is 
7 inches long and 8 inches in diameter at 50% solids using steel 




Armeen 12D, which is dodecylammonium acetate, was used as 
the collector for quartz. Dowfroth 250, a water soluble frother, 
was diluted to 10% strength before use. Z-200, a highly selective 
collector for copper sulfides in the presence of iron sulfides,2/f 
was used for the collector of chalcopyrite. Aerofloat 25 was used 
as the collector for galena and activated sphalerite.
The pH of the flotation pulp was adjusted with HC1, NaOH, 
or calcium oxide depending upon the particular test. The pH was 
buffered with one gram of disodium hydrogen phosphate, Na2HP0if.
The pH was checked with a Corning Model 5 pH meter during the 
conditioning period and after the completion of flotation. In most 
cases the pH remained relatively constant throughout the tests.
Tap water was used for grinding, filling the flotation 
cell, pulp level control; and, as is common practice in flotation 
laboratories, the reagents were mixed with distilled water and 
kept in plastic containers.
ANALYTICAL PROCEDURES:
The preliminary flotation tests were performed with the 
pure silica, galena, and sphalerite samples. This enabled the 
assaying to be done by weighing the concentrate and tailings
products.
The flotation products from the copper ores were analyzed
using a Perkin 303 Atomic Absorption Spectrophotometer with a
25
digital concentration readout . The products were digested 
in HC1, HNO3 and H2SO4, filtered and diluted in volumetric 
flasks, and then analyzed for copper using a multi element lamp 
and natural-gas flame.
The copper concentrations in the flotation products 
were determined with a calibration curve. The calibration curve 
was prepared using samples of known copper concentrations.
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RESULTS
Sections 1 and 2 deal with the pure minerals, primarily 
aimed at observing the kinetics of flotation. Section 3 deals 
with the samples of "copper ores", where the predictive value of 
the kinetics equation is examined.
SECTION 1:
The tests with the Silica A were run to determine the 
applicability of the first order rate equation for the representa­
tion of flotation results. This mineral was used because of its 
closely controlled size and the results were easily assayed by 
weighing. Figure k shows the results of the tests. The flotation 
rate constant for this system is 1.8 min.
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S i l i c a  A
-100+200 mesh: 7% s o l i d s
pH=8.0 a d ju s te d  with NaOH and HC1; 1 g .  Na2HPO^
Dow froth 250 1 m g / llt e r
Armeekn 12D 10 m g / lit e r
F ro th e S c r a p e s :  k per 20 seconds




The flotation tests for the second section were run to 
show how flotation varies with flotation conditions. The 
conditions studied were particle size, percent solids, previous 
history, and activating agents present. The results are shown 
in Figures 5-8(3.
The flotation rate constants of Silica A in Figure 5
are:





In Figure 8A the flotation rate constant for the Silica 
A is 1.48 Min- .̂ The rate constant of the refloated concentrate 
is 2.50 Min_1.
The rate constants for the galena in Figure 8B are 1.25 
Min"' for test 1, and 1.30 Min"' for test 2. The rate constant 
for the sphalerite in test 1 is 1.33 Min . There was no flotation 
of sphalerite in test 2.
The flotation rate constants in Figures 6A and 6(3, 7A and 
7B are found in Table 1.
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TABLE 1
Figures 6A and 6B 
Silica B
Figures 7A and 7B 
Sphalerite












combi ned 2.28 1.32
S i l i c a  A 
-100+200 mesh
pH=8.0  w ith  NaOH and HC1; 1 g .  Na2HP04
Arraeen 12D 6 m g / l it e r
F r o th  S cT ap es: 2 per 10 Seconds
F ig u r e  5 V a r i a t i o n  o f  F l o t a t i o n  Rate  
w ith P u lp  D e n sity
2]
S i l i c a  B
-3 5  mesh
pH=8.0  w ith NaOH and HC1; 1 gram Na^HPO^ 
Armeen 12 D 4 n ig / lite r
F ig u r e  6A V a r ia t io n  o f  F l o t a t i o n  Rate o f  
Quafrtz w ith P a r t i c l e  S iz e
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3 .0
2 .5  -
2,0
1 . 5
Ln Co-Coo  
C-Coo
1 . 0  -
0 .5  -
0 .0
Mesh
O - l  50+200 
X - 200+ 2?0 
Q - 270+325
<•>-32 5+^00 




F l o t a t i o n  Time in  Seconds
F ig u r e  6B V a r i a t i o n  o f  F l o t a t i o n  Rate o f  Quartz  
w ith P a r t i c l e  S iz e
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S p h a l e r i t e
G r in d  10 m in u tes, 33% s o l i d s  with 1 ,2  lb s  
CuS0ij./ton ore
pH =8.5 w ith NaOH and HC1; 1 g .  Na2HP02* 
A e r o f lo a t  25 0 .4  lb s / to n  ore
F ig u r e  7A V a r ia t io n  o f  F l o t a t i o n  Rate of  
S p h a l e r i t e  with P a r t i c l e  S iz e
2k
F ig u r e  7B V a r i a t i o n  o f  F l o t a t i o n  Bate o f  S p h a l e r i t e  











S i l i c a  A 
- 100+200 mesh
pH=8 .0  w ith  NaOH and H C l;  1 g .  NagHPO^ 
C o n d it io n  ? minutes 
Armeen 12D b m g / llte r  f o r  both f l o a t s  
F r o th  S c r a p e s :  2 per 15 seconds
F l o t a t i o n  Time in  Seconds
F ig u r e  8A V a r ia t io n  o f  F l o t a t i o n  Rate w ith  
P rev io u s F l o t a t i o n  H is t o r y
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S p h a l e r i t e
G r in d  10 minutes T e s t  1 with 1.21bs CuSO^/ton
T e s t  2 no CuSO^
pH=8.5 w ith NaOH and HC1; i gram NagHPO^ 
A e r o f i o a t  0 A  lb s / to n
G a le n a
G r in d  10 minutes T e s t  1 with 1 .2  lb s  CuSO^/ton
T e s t  2 no CuSO/f
pH= 8 .5  w ith NaOH and HC1; 1 gram Na2HP0/| 
A e r o f i o a t  25 0 .^  lb s / to n
F ig u r e  8B G r a p h ic a l  P l o t  o f  F i r s t  Order Rate  
Equ ation Showing E f f e c t  o f  CuSOz* 
A c t i v a t i o n  o f  S p h a l e r i t e  and G alena
SECTION 3:
The flotation tests in Section 3 were run with samples 
of copper ores from Nevada. The results are shown in Figures 
9A-13.
The flotation rate constants of the floatable minerals 
tested in Section 3 are obtained from Figures 9A, 10A, 11A andl2A. 
The rate constants in Figure 9A are 1.43 Min" 1 for the chalcopyrite 
CuFeS2, and 0.33 Min 1 for the gangue. The maximum percent 
recoveries are %Rco (CuFeS2) = 64.0% and %Rgoo (gangue) = 6.4%.
The rate constants obtained from Figures 10A, 11A and 12A 
are found in Table 2. The Table also contains data that were used 


























10 0.48 0.28 85.9 5.3 80.6 16.9
20 0.62 0.30 86.1 6.3 79.9 10.4
The theoretical recoveries, grade and separation 
efficiencies are calculated using equations (7)» (8), (9) and (11) 
and are plotted as solid lines in Figures 9B, 10B, 11B, 12B and 12C 
The Appendix contains examples which show how these equations are
used. The experimental values of recoveries, grade and 
efficiencies are plotted as points in these figures.
Copper Ore A T e s t  1
G r in d  10 m in u tes, 50$ s o l i d s
pH =9.5 w ith CaO; 1 gram Na^HPOi*
Z -2 0 0  0 .2 5  lb s / t o n  
D o w fro th  250 0.01 lb s / to n  
C o n d i t i o n  2 m inutes  
S c r a p e s :  k per minute
F ig u r e  9A G r a p h ic a l P lo t  o f  F i r s t  Order
R ate Equ ation
Cop per Ore A
F ig u re- 9B P r e d ic t e d  R eco very, Grade and S e p a r a tio n  






















Cop per Ore A T e s t  1
F ig u r e  9C S e p a r a t io n  E f f i c i e n c y  versus F l o t a t i o n  Time
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Copper Ore B
G r in d  5 m in u tes, 50% s o l i d s  
pH=9.5 w ith CaO; 1 gram Na2HPOi4_
Z-2 0 0  0 .2 5  lb s / to n
C o n d it io n  2 minutes 
F r o th  S c r a p e s :  4 per minute
F ig u r e  10A G r a p h ic a l P lo t  o f  F i r s t  Order


































Cop per Ore B 
G r in d  5 m inutes
F ig u r e  10B P r e d ic te d  R ecovery, Grade and S e p a r a tio n  
E f f i c i e n c y  versus F l o t a t i o n  Pime
3 .0
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F l o t a t i o n  Time in  Minutes
Cu Ore B
Grind. 10 m in u te s , 50% s o l i d s  
pH = 9 .5  With CaO; 1 g .  Na2HP04 
Z -2 0 0  0 .2 5  l b s , / t o n  ore 
D o w fro th  250 0.01 l b s , / t o n  ore 
C o n d i t i o n  2 minutes  
Fo th e S c r a p e r :  4 per minute
F i g u r e  11A G r a p h ic a l  P l o t  o f  F i r s t  Order Rate 


































Copper Ore B 
G r in d  10 m inutes
F ig u r e  11B P r e d ic te d  R ecovery, G rad e, and S e p a r a tio n  
E f f i c i e n c y  versus F l o t a t i o n  Time
36
Copper Ore B
G r in d  20 m in u tes, 50# s o l i d s  
pH=9.5 w ith Cao; 1 gram Na2HP0i!| 
Z -2 0 0  0 .2 5  lb s / t o n  
D ow froth 250 0.01 lb s / to n  
C o n d it io n  2 Minutes  
F r o th  S c r a p e s :  4 per minute




Copper Ore B 
G r in d  20 m inutes
F ig u r e  12B P r e d ic te d  R eco very, G rad e, and 
S e p a r a tio n  E f f i c i e n c y  versus  
F l o t a t i o n  lim e
F l o t a t i o n  Time in  Minutes
Copper Ore B
V a r i a b l e  G r in d in g  Tirafe
Z -200 0 .2 5  lb s / to n
Dow froth 250 0.01 lb s / to n
pH= 9 .5  w ith CaO; 1 gram Na2HP04
C o n d it io n  2 minutes
F r o th  S c r a p e s :  4 per minute
F ig u r e  13 S e p a r a tio n  E f f i c i e n c y  versus  
F l o t a t i o n  Time f o r  V a r ia b le  




The results of Sections 1 and 2 show as to how the 
kinetics or flotation are affected by flotation conditions. This 
knowledge permits the tests in Section 3 to be run under the most 
controlled conditions possible.
If the experimental data of a flotation test can be
represented by a straight line in a graph of Ln C-Q-Coo vs t> then
C-Coo
the flotation rate of that system is first order. The preliminary 
tests with Silica A show that Silica A follows a first order rate 
equation as shown in Figure 4. The other tests in this study also 
show that the first order rate equation, Equation (4), represents 
the data.
SECTION 2;
The results in Figure 5 show that the flotation rate 
constant of a mineralogical system varies with the percent solids 
of the pulp. The rate constant decreases and approaches a 
constant value as the percent solids increases for the system 
studied.
The flotation tests using Silica B and sphalerite 
show that the flotation rate constants of the size fractions are 
not constant. However, the entire multi-particle size system can
4o
be represented by first order kinetics as shown by the "combined 
data". Thererore, flotation tests conducted with a system which 
contains more than one size fraction should be representable 
with a first order rate equation.
The tests for Figure 8A were conducted by floating a 
sample of Silica A then cleaning the concentrate with water 
until no flotation occured. The concentrate was then refloated 
with the same reagent concentrations. The flotation rate constant 
of the refloated concentrate was greater than for the preliminary 
test.
Activating agents are chemicals which increase the 
flotation rate of a mineral. The data in Figure 8B shows that 
copper sulfate increases the flotation rate of sphalerite but 
does not affect the flotation rate of galena.
SECTION 3:
The experimental results for the copper ores in Section 
3 show that by using flotation kinetic theory the recoveries, 
grade of concentrate, and separation efficiency can be predicted 
as functions of flotation time.
The conventional method for obtaining these results is to 
run the test for a predetermined time, or until no mineral is 
floating. The recoveries and grades are then calculated. However,
k]
these results are for only one flotation time, so the tests would 
have to be rerun to obtain the recoveries and grade for any 
other flotation time. Also, since flotation is effected by a 
large number oi potentially important process variables, many 
of which cannot be controlled by the flotation investigator, the 
duplication of flotation tests is difficult in many cases. 26 
Therefore, the ability to predict flotation results for any 
flotation time should be beneficial.
When flotation tests are run, flotation timing can be 
started whenever the air is admitted or at any time after the 
froth layer has formed. For the tests using the cooper ores, 
flotation timing was started after the formation of the froth 
layer, as recommended by Bull. 2 '7 The negative time intercepts 
in Figures 10A, 11A, and 12A are the result of starting the 
timing after the froth layer has formed. When the experimental 
values of recovery, grade, and separation efficiency are plotted, 
the negative time intercepts must be taken into account. For 
example, the average time intercept of the chalcopyrite and gangue 
in Figure 1 1A is -1.15 minutes. Therefore, the experimental 
results should be plotted at 2.15 minutes, 3.15 minutes, etc.
The four flotation tests with the copper ores had intercepts 
ranging from 0.0 minutes to -1.15 minutes. In all cases the 
experimental times were adjusted with these intercepts before 
the results were plotted. The experimental and predicted quantities 
agreed well when these intercepts were included.
hi
The tests with copper ore B were performed with variable 
grinding times to show how kinetics can be used to evaluate the 
adviseability of grinding the ore for five, ten or twenty minutes.
The flotation conditions were kept constant except for different 
grinding times. The predictions of flotation results are 
shown in Figures 10B, 1 IB, 12B and 13. Table 2 is a condensation 
of the results.
The best grinding time was ten minutes as determined by 
the maximum separation efficiency. Separation efficiency was used 
in this study for the selection of the best flotation test; however, 
if desired, the recovery or grade could also be used as a basis for 
selection since this information is also available.
Table 2 shows that grinding the ore for ten extra minutes 
decreased by 6 minutes, the flotation time necessary to obtain the 
same separation efficiency. The decision to grind the ore longer 
or to float the ore longer can now be decided upon using economic 
considerations. As far as we know, this information which shows 
the comparison between grinding times and flotation times has 
never been available before.
Section 3 shows that flotation kinetics in conjunction 
with laboratory testing procedures provides more information than 
we obtain from a conventional flotation test.
CONCLUSIONS
(1) The flotation rates of the systems studied can be 
described mathematically by a first order rate equation,
Ln -C.°~Co° _ Kt.
C(t)-Coo
(2) The flotation rate constant of mineral particles 
varies with flotation conditions such as grinding time, collector 
concentration, percent solids in the pulp, amounts of activating 
agents present and the particle size.
(3) Flotation kinetics can be used to predict the 
recovery, the grade of concentrate and the separation efficiency 
as functions of flotation time.
(4) Flotation kinetics can be used to predict the 
maximum separation efficiency and the flotation time necessary to 
obtain it.
(5) The flotation testing procedure developed in this 
study, including the modification of the laboratory apparatus, 
has provided much more information of significant predictive 
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APPENDIX
A. Calculation of Ln Co-Coo 
C(t)-Coo













2.15 16.95 17.2 49.68 8.42 5.36 0.94
3.15 6.52 12.5 36.11 2.35 3.01 1.53
4.15 4.14 9.4 27.15 1.12 1.89 1.99
5.15 2.84 7.3 21.09 0.60 1.29 2.37
24.15 8.71 5.1 14.70 1.29
tai 1 452.30
491.46

















B. Calculations of Recoveries:
Experimental recovery of CuFeS2 at 2.15 minutes 
iffijt x 100% r 52.5%
Predicted recovery of CuFeS2 at 2.0 minutes 
R(2) = 85.9%(l-e"0,2^ (2)) _ 52'2>/o
Experimental recovery of gangue at 2.15 minutes 
Zf75 # i|.2 x 100% b 1 . 8 %
Predicted recovery of gangue at 2 minutes
Rg(2) = 5.3%(l-e"°*28(2 )̂ 2.3%
C. Calculation of the Grade of Concentrate:
Experimental grade at 2.15 minutes
____ 3»42 x 0.3462 Cu____
8.42 + 8.53 CuFeS2
Predicted grade at 2 minutes
17.2% Cu
0.529(16.04) x 34.62% Cu___
0.529(16.04) + 0.023(475.42) CuFeS2
15.2% Cu
D. Calculation of the Separation Efficiency:
Experimental separation efficiency 
Es(2.15 Min.) = 52.5-1.8 = 50.7% 
Predicted separation efficiency
Es(2 Min.) = SS.^O-e")* 2̂ 2)) _ 5.3%(]_e“°*28(2) 
= 50.6% )
Calculation of Flotation Time for Es Max.
Ln + Ln P.*i:.§ 
t(Es Max.) = ______________ 0.48
0.28 - 0.48 16.9 minutes
